An integrated approach combining lithological logs, downhole geophysics, electromagnetic survey and the distribution of radiocarbon ( 14 C) and the stable isotopes of water molecules ( 18 O) were used to identify the conduit flow paths of a small freshwater lens. Lost circulation zones, where drilling fluid flows into geological formation instead returning up the annulus recorded during water well drilling, were considered as the major fracture zones. The presence of high porosity zones within boreholes were identified using caliper, gamma and neutron logs. These methods were used to identify the depth intervals at which cavities and the existence of conduit porosity within the boreholes. Transient electromagnetic (TEM) method was used to investigate resistivity anomalies in the profiles along nine pre-determined lines across the freshwater lens. Resistivity anomalies were related to borehole information and other surface features such as sinkholes. Low resistivity zones of the TEM tomography sections had excellent correlation to fracture zones identified during well drilling, and downhole geophysical logs. Similarly, high resistivity zones in the profiles correlate well with the zones of O signatures of the groundwater confirm the presence of conduits and potential pathways of preferential flows. This investigation illustrates the effectiveness using an integrated approach to trace the conduit flow paths in karst aquifers. The information gained from the study is currently being used for the management of the freshwater lens.
Introduction
When fresh water lenses are formed in association with high recharge in karstic aquifers, identification of conduit flow paths is critical for sustainable management of the resource. This is particularly important in arid and semi-arid countries as the demand for water is ever increasing for agriculture, industry and community water supplies (WWRD, 2015) . Karst aquifers possess both diffuse and conduit flow and varying degrees of connectivity between surface and groundwater over spatial scales that results in complex hydrology (Edwards et al., 2013) . The surface-groundwater connection and flow regime must be properly identified and characterized to improve management of karst aquifers. In most karst areas, the majority of groundwater is carried through a subsurface conduit system. Subsurface conduits often connect to land surface via sinkholes, and serve as major pathways for groundwater flow in karst aquifers. Locating conduit flow paths from the surface, however, is one of the most challenging tasks in karst research (Zhu et al., 2011) . Exploitation of fresh water lenses that are formed due to point recharge from sinkholes is challenging. This involves identification of conduits pathways which serve groundwater flow in karst system (ibid). A number of direct and indirect techniques are used to identify conduit flows. Direct method of identifying conduit pathways is possible during drilling, as it is noticeable when intersecting a large cavity, but not so noticeable if intersecting a small conduit, unless core samples are collected (Somaratne, 2015a) . However, downhole geophysical techniques such as caliper, gamma and neutron logs provide additional information on fracture zones in a borehole. Collection of stratigraphic information by drilling large number of boreholes is prohibitively expensive and not always successful in intercepting conduit porosity zones, hence requires alternative techniques to identify major flow paths.
Geophysical methods are often deployed to help locate voids by mapping variations of physical properties of the subsurface (Zhu et al. 2011) , as the conduits can cause significant contrasts of some physical properties that can be detected. Electrical resistivity is one of the commonly used geophysical methods for subsurface void detection, as a water-filled underground void has lower resistivity than most surrounding rocks whereas an air filled void has higher resistivity than most geologic material (Zhu et al., 2011) . Geophysical techniques allow large areas to be covered in a short period of time and represent an efficient way of detecting subsurface heterogeneities including voids (Farooq et al., 2012) . This provides much more effective and economic way to reduce the overall amount of drillings and to improve locating test drilling for verification (Metwaly & AlFouzan, 2013) . The electrical resistivity method is based on assumption that various entities like minerals, solid bedrock, sediments, air and water filled structures have detectable electrical resistivity contrast relative to the host medium (Panek et al., 2010) . The electromagnetic tomography involves determination of the subsurface distribution of electrical resistivity. The varying geoelectric response enables to obtain 2D profiles of the resistivity distribution underground to characterize possible discontinuities in the subsurface (Martinez-Lopez et al., 2013) .
Geochemical and isotopic data have been used in numerous studies in different karst regions to characterize the flow in carbonate aquifers and degree of surface-groundwater connections (Edwards et al., 2013) . Knierim et al. (2015) show that stable isotope analyses are valuable in karst settings. As groundwater flow in karst aquifers is shared between the granular porosity and karst conduits, an indirect way of identification of major flow paths are possible using salinity distributions (Somaratne, 2015a) , tracer techniques such as radiocarbon activity ( 14 C) and stable isotope (δ 18 O) distribution (Somaratne et al., 2016) . In a similar study, Einsiedl (2005) O. Groundwater chemistry has been used to distinguish groundwater flow paths in different fractured-rock aquifers by Tweed et al. (2005) . In their study, differences in groundwater chemistry between aquifers and between shallow and deeper flow systems, highlights inter-aquifer mixing. Nativ et al. (1999) used radioactive and stable isotope to identify and separate groundwater flow components in a karstified aquifer, with the use of 14 C to identify mixing of recent and older waters.
Problems arise when attempting to trace conduit flowpaths using a single technique given limitations in the each resulting in large uncertainty. Therefore, in this study, we use an inter-disciplinary integrated approach to study distribution of conduit flow paths in a small fresh water lens in the south-east of South Australia. The study uses geological information obtained by well drilling, downhole geophysical logs, resistivity data from high resolution electromagnetic (EM) in conjunction with radiocarbon and stable isotope distribution within the fresh water lens.
Study Site: Poocher Swamp Freshwater Lens
The study site, Poocher Swamp fresh water lens, is located 275 km south-east from Adelaide ( Figure 1 ) and is within the Tatiara catchment. The catchment area extends across the South Australian border into western Victoria and previously described by Somaratne (2014) . For brevity, a succinct summary of the study freshwater lens is provided here. The Tatiara catchment area is approximately 500 km 2 (Herczeg et al., 1997) and the Creek flows in a westerly direction through to Poocher Swamp and disappear via sinkholes. The catchment features average annual rainfall ranging from 400 to 500 mm and pan evaporation of 2000 mm. The unconfined aquifer is Murray Group Limestone and contains brackish water with average total dissolved solids (TDS) > 1400 mg.L occurs at locations where point recharge takes place through sinkholes. The Poocher Swamp freshwater lens, which is the largest of these freshwater plumes that float on brackish water, is a result of flows from Tatiara Creek that enter Poocher Swamp. The major recharge is through two sinkholes located in the northwest section of the swamp (Herczeg et al., 1997) In addition to town water supply, groundwater is also extracted within and from surrounding areas for irrigated agriculture, mainly for pasture, legumes and for viticulture. Dryland grazing is common within the lens area and the surroundings. As such, prudent management of the Poocher Swamp fresh water lens is vital for sustaining local economic activities. 
Method
Water samples were collected from Tatiara Creek, Poocher Swamp, monitoring wells and town water supply wells in 2012, 2014 and 2016. For monitoring wells, groundwater samples were collected using micro-purge (low-flow) sampling procedure (Vail, 2011) and for town water supply wells, samples were collected after allowing threebore volume discharge to ensure samples are representative of the aquifer water. Water samples were preserved according to the standard methods specified in the Australia/New Zealand standard, AS/NZS 5667. O) samples were analysed at Flinders University of South Australia isotope analytical laboratory in Adelaide. The standard procedure for analysis of the Deuterium and Oxygen-18 composition of water is that described by PICARRO (2015) . The water samples for 14 C were collected using 1.25 L polyethylene terephthalate (PET) bottles. A total of 5.0 L of groundwater was collected from each well. The sample bottles were sealed and securely capped. Radiocarbon was analysed using radiometric counting and accelerator mass spectrometry at the Rafter Radio Carbon Laboratory, National Isotope Centre, New Zealand (Rafter Radiocarbon Laboratory, 2016).
The downhole geophysical logs were obtained using borehole logging unit of the South Australian Department of Environment, Water and Natural Resources. The unit consists of data processing unit, winch, cable and logging tools installed in a van. Gamma and neutron probes were run simultaneously and 3-arm caliper tool was run separately. The surface unit controls the logging and movement of the probe and displays and stores data. The probe is connected to the surface unit with the cable that conveys the electrical signals (Wonik, 1990) .
Nine high resolution EM lines of varying orientation (Figure 1 ) with station spacing of 25 m with infill to higher resolution (12.5 m) were used over areas of surface features such as sinkholes. A Zonge International GDP-32ii receiver equipped with NanoTEM cards were used to acquire all data for this study. Data were sensed using a single turn 5×5 m wire loop placed at the centre of each transmitter loop. Data were recorded over two channels, with the second gained up to improve late time decay resolution. Decay data were recorded over 31 time windows to approximately 2 milliseconds after transmitter turnoff. Transmitted fields were generated with a Zonge NT-20 geophysical transmitter energizing a single turn 25×25 m loop. This transmitter provides an output of 3 Amps, at 32 Hertz with a turn-off ramp time of 1.5 μs. Synchronisation was controlled directly using the GDP-32ii receiver. Data were then used to produce 1D inversion model sections of resistivity using Zonge International's STEMINV modelling program (Mann, 2016) .
Results and Discussion
Direct information about the structure of the subsurface geology can be obtained by drilling boreholes. Downhole geophysical logging provides additional in-situ information to supplement the direct geological information. This is particularly useful where borehole intercept cavities but insufficient recovery of core sample (lost-circulation). Downhole geophysical logs provide continuous depth record of formation properties (Wonik, 2007) such as: caliper logs provide information on drillhole diameter, fractures and are essential in interpreting other logs; gamma logs provide a record of natural radioactivity of the rock penetrated by a drillhole and provides information on lithology and stratigraphic correlation by relating to clays and silt content and permeability; neutron log measures neutrons from an isotopic source at one or several detectors after they migrate through material in, and adjacent to, the borehole. Log response results primarily from hydrogen content, but it can be related to saturated porosity and moisture content (Keys, 1990) . 
Evidence of Conduit Porosity from Lithological and Downhole Geophysical Logs
Since geophysical logs have no unique response, logs need to be interpreted with geological information obtained from boreholes. Stratigraphic correlation using caliper, gamma and neutron logs are shown in Figure 3 . Bordertown town water supply wells (TWS) 1, 2, 7, 8 and 10 wells have been logged for depth, gamma, neutron and caliper. Old wells TWS 2 and TWS 7 have been replaced with TWS 10 and TWS 12. As the new well is located within 10 m from the old well, geophysics for the older wells were used as the replacement well of TWS 12. The six monitoring wells (WRG042-WRG047) along with TWS 10 to TWS 13 were drilled using the rotary drilling method, with resultant loss-circulation occurring in 7 wells. These were encountered; WRG042 at 10-16 m (58 to 52 The older wells TWS 1, TWS 2, TWS 7 and TWS 8 have been drilled using cable tool method and therefore there are no records of cavity development. Gamma log of TWS 1 show at 43 mAHD, higher counts up to 33 API (American Petroleum Institute) indicating a possible clay rich zone. Lithological description at this depth of the TWS 1 is 'white limestone with yellow clay'. Immediately below this, 24-29 m (42 to 37 mAHD) depth interval lithology is described as 'limestone with yellow, sandy clay and gravel layer', stretching caliper arm to 317 mm. Below 41 mAHD, neutron reading slightly increased indicating higher porosity zone of the profile. Higher counts of neutron logs of TWS 1, below 40 mAHD indicate more open limestone. There can be a mismatch between lithological logs when directly compared to downhole geophysical logs. This is because lithological samples are collected at certain depth interval (in this case 3 m interval) and hence represent 'average of the samples collected' within the depth interval. Therefore, combining geophysical logs with lithological logs is more useful for interpretation than relying on one set of logs. Similarities are observed between caliper log of TWS 10 and neutron log of TWS 2.
The caliper log of TWS 2 shows presence of cavity or wash-out zones at different depths in the profile. It is apparent that TWS 10 has intercepted a major cavity than that present in TWS 2, even though two sites are about 10 m apart, indicating complexity of tracking conduits pathways using boreholes. The old well TWS 7 was replaced by TWS 12, and the neutron log of TWS 7 indicates high porosity zone at 41 mAHD (softer limestone with shelly and slightly marly) but 2 m above this at 43 mAHD gamma counts increased to 42 API indicating a clay or shale rich zone (marl with limestone). Geophysical logs of TWS 8 well shows more or less uniform gamma and caliper logs throughout the profile indicating homogeneous nature of limestone at this location.
Evidence from EM Survey
EM data were examined before being averaged to create a single record; for each channel, for each soundings using TEMAVGW (MacInnes, 2010) software (Mann, 2016) . Channels that were considered of poor quality were skipped before averaging each station data. Ungained and gained data were merged to optimize early and late data to create a single sounding for each station. Data were then used to produce 1D inversion models of resistivity using STEMINV (MacInnes and Raymond, 2001) modelling program. Topographic information was used in modelling so sections are presented relative to SRTM (2000) elevations, comparable to m AHD (Mann, 2016) . The variation in resistivity of particular minerals can be enormous, for example limestone: 50-10 7 Ωm; Marls 3-70 Ωm; Clays: 1-100 Ωm (Telford et al., 1990) . Other factors such as dissolved minerals in groundwater, fracture zone filled with air or water, consolidation of geologic materials influence the local changes to resistivity. In most cases, a small change in the percentage of water affects the resistivity (Telford et al., 1990) . The resistivity of fresh water is about 10-100 Ωm (Palacky, 1987) , overlapping of resistivity values in the saturated zone requires known features for interpretation of TEM sections. In the shallow substructures, presence of water controls much of the resistivity variations. Measurement of resistivity in general, is a measure of water saturation and connectivity of pore spaces (Cardimona, 2002) . Therefore, increasing number of fractures or porosity tends to decrease the resistivity (Cardimona, 2002) . Resistivity sections of TEM lines 4 to 6 (L4 to L6) are given in Figure 6 . The line L4 begins at TWS 13 where depth to water is found at 16.2 m, the lost circulation zone at 12-18 m depth and the cemented limestone at 28-35 m depth interval. These observations are in good agreement with resistivity data interpretation and are comparable to range of resistivity values described previously. Resistivity contrast in inverted section L6 is minor (Figure 6 ), indicating the presence of more homogeneous limestone (no dominant fracture zone or cemented limestone). This is similar to the homogeneity found in geophysical logs of TWS 8 well. Hence groundwater flow in this part of the aquifer may be considered as the matrix flow. Presence of deeper aquitard is evidenced in L6 as indicated by low resistivity at about -10 m AHD. (Waltham et al. 2005) or subsurface cavity locations can be identified based on the characteristics of low resistivity readings. In the saturated zone, when the cavities are filled with fine, loose materials, the electrical resistance is lower as both water and clay are good conductors (Panek et al. 2010) . In general, water filled cavities are abundant in karstic limestone aquifers.
The line L8 is about 100 m upgradient (east) to the Scowns sinkhole and is 200 m long. The station at 100 m along L8 (Figure 7) is aligned with the centre of the sinkhole and is intentionally placed to intercept any conduits flow paths that connect to the sinkhole. However, resistivity values indicate presence of homogeneous limestone. This indicates, either conduits connecting the Scowns sinkhole begins at this location or interconnection to existing conduits occur at about 50 m further south from L8, as occurrence of another sinkhole is found about 100 m east of L8 (Figure 1 ). This conjecture was not investigated. The line L9 is positioned across the Scowns sinkhole. The station 125 m (on L9) is at the centre of the sinkhole. Down to watertable depth, presence of dry soil is indicated by higher resistivity (>174 Ωm). The low resistivity about 10-25 Ωm, is the water filled gallery of the sinkhole and the conduit system is indicated by low resistivity zones of 25-83 Ωm.
In arid and semi-arid regions, it is common that some of the active sinkholes are capped with a layer of sediment and become dormant during dry summer months. This is evidence in both Poocher Swamp and Scowns sinkholes (Figure 8 ). With the onset of receiving surface runoff, these sinkholes become active and would act as the sources of point recharge (Figure 9 ). Somaratne (2015b) reports that during the 1986 flood event, discharge to the Scowns sinkhole was measured at the rate of 500-2000 m O data were used to infer the degree of mixing along flow paths from the primary recharge source (Poocher Swamp) to the sampling point. In a karsitic aquifer composition of groundwater chemistry at a sampling point represents a contribution from matrix and conduit flow components. The matrix flow has a longer residence time than the conduit flow. It is therefore possible to compare degree of mixing of matrix and conduit flows relative to two end members, the Poocher Swamp and the pristine limestone aquifer water in WRG044 well (Figure 1 ) which is located outside the freshwater lens. The degree of mixing between two end members within the freshwater lens is shown in Figure 10 ) indicating the well water is reflective of more recent winter (June-August) recharge received from the Poocher Swamp. The well was sampled in May, 2016. Tatiara Creek and Poocher Swamp are highly dynamic systems, and as such, water chemistry varies significantly over the year, depending on wet-dry cycles. Herczeg et al. (1997) 
Creek n/a n/a n/a n/a 11 1.58 --46 525 8.3 -Poocher Swamp n/a n/a n/a n/a -4. 
Gradual depletion of δ 18
O from -0.34‰ at Poocher Swamp to -2.31‰ at WRG047 may be due to minor mixing of conduit flow with ambient groundwater. The highest 14 C activity, 88 pmC, is at the WRG032 well is the closest location to the point recharge source (Figure 11 ). The ambient groundwater just outside the freshwater lens, 56.49 pmC, is found in WRG044 well confirming the presence of 'older' groundwater. The WRG045 located closer to the boundary records 60.59 pmC, presumably due to local recharge. Along the flowpaths, (Table 1) . However, 14 C data indicates older water in TWS 11 (55 pmC), TWS 12 (48 pmC) and younger water in WRG043 (67 pmC) suggesting that only WRG043 well has a direct link to the Poocher Swamp. 
Conclusion
Inherent difficulties arise when attempting to trace conduit flowpaths using a single technique given limitations in the each and the large variation in scale of influencing structures. Well drilling is effective but unlikely to intercept discrete structures; geophysical methods are commonly used to compliment well drilling however interpretation of responses from both geologic and hydrologic sequences can be complex; tracer techniques are widely used but defining flowpaths become problematic due to dilution and mixing. We used geological, geophysical, stable isotope and radiocarbon data for assessing the conduit flow paths in the Poocher Swamp freshwater lens. The drillhole data was used to validate and interpret the geophysical results. Low resistivity zones of the TEM tomography sections had excellent correlation to fracture zones identified during well drilling, and dowhnhole geophysical logs. In the saturated zone, conduits may be filled with both water and clay and therefore, is difficult to identify by resistivity survey alone as both water and clay are low resistivity materials. Therefore use of stable isotopes and radiocarbon is a useful tool in identifying preferential groundwater flow paths. Wide range (-0 O signatures and higher radiocarbon activity is an indication of presence of conduit flows that carry recharged water from the Poocher Swamp.
